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RE scenario on AUG vs TCV

AUG TCV
R [m] 1.65 0.88
a [m] 0.5 0.25
Bt [T] 2/2.5 1.45
lo [MA] 0.8/1.0 0.2/0.15
neo (10A19 mA-3) 2-3 0.3-4
Teo [keV] 5-10 O(1)
Wall W C
Heating ECRH Ohmic
Shape Circ. Circ ++
MGl Ar + Ar/Ne (Ar + Ar)/(Ne + Ne)
IRe [KA] <420 < 200
tRe [MS] < 500 350+
IRe at loss [KA] ~25 ~100
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AUG runaway experiments

= Understand RE dynamics with impurity injection

1. Effect of disruption mitigation gases on RE dynamics
2. Influence of high-Z injection into developed RE beams
= RE vs high-Z interaction studies in support of ITER

Baseline: 0.8 MA, 2.5 T, 2-3e19 m-= circular IWL plasma with
~2.5 MW ECRH heating for 100 ms pre-quench To ~ O(10) keV

Disruption triggered with
0.5-1 barArgon at 1 s
(~1.7x10%7 particles)

= Good beam control to 25 kA,
machine is safe

IP is in programmed ramp-down
Factor of 2-5x increase in ne

Good Ar assimilation,

RE decay "underStOOd" B6Buc S33658 18380 n
11.85.16 17:25 1.699 A typlcal AUG RE beam
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Valve geometry (sketch)
 AUG has a diverse DMV geometry [Pautasso NF 55 033015 (2015)]

[Pautasso NF 47 900 (2007)]

= 2x HFS and 1x LFS in-vessel piezo valve (100 ml)
HFS valves became disfunctional early in the RE campaign

AUG HFS | 4 et i m =
piezo u piston ]
Al ik spring g
package >
| | " n
el % .
Sketch :g
i
: l
L= movable
‘ stem ]
piezo MRV ATEm
actuator gas volume Sector 13
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High-Z injection "scans™
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Example: RE decay rate vs material

AUG #31714 0.9
AUG #31715 0.9

AUG #32007 0.9 /0
AUG #32035 0.65/7.

N

—h
T

Plasma current [100 kA]

o

/0.0

/3.2

AUG #31715 1.1 /68
0

Zrpprp
i

Ar / Ne IVV
2nd injection

=

N

—h
)

Plasma current [100 kA]

o

AUG #31714 0.9/0.0 ==

AUG #31715 0.9/3.2 == -4
AUG #31326 1.1/6.9 ==
AUG #32251 0.8/10f ==
AUG #32263 0.8/14f m=m

Close / far Ar
2nd injection

1.2 1.3

2016-07-21

= 2nd injection with Ar seems to have a trend
Other materials behave differently, but we need more points

- [Aleynikov PRL 2015] suggests dl/dt ~ nar
= Trend is not clear in the data

(we need more points & assimilation rate calculations)

— 10°

n Average I decay
& after gas injection
o |

£ 10°

e

>

©

o I

RE(t=70

3 1 01 | <(dIRE >mS)
" ‘ ‘ dt

= 5 Assimilation rate?
< 10 5 0 1 2

10 10 10 10

1st + 2nd inj [bar]
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ASDEX Upgrade
L

Study examples

T T | 1 b 1 1 5 1 el ; ;
4 i AUG #31714 0.93 ==
AUG #32014 0.66 ==
i CAGeINN WA - AUG #322520.83 =
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o ' r= (two extremes)
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b - 3 5 T HEE NN\ RN rampto ——————————————————— B m— =
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Al © ramp o gy N
g suppress
0 ©
Bl L bk R | N —— -
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95 Time [s]
7 S AN T B —3 | e w
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* 1/1 mode develops

Ha
(due to low density?) :.
a2
before injection i}
30
* Becomes anharmonic £
and slows down g 20
*In mostcases 1/1 £

survives the TQ
= Core confined?

« So far no clear

o

connection between %
mode parameters ]
(A, f, etc) and REs g2
* Further analysis is 10-
ongoing d

1/1 mode survives the TQ

o

MHA-B31-14

(o]

L]
. AUG #32008 =

(=]

S

32008-

Ip [100 kA]
o N

32013-

Frequency (kHz)
N w
o o

LA
(@)

B e 0
", Toroidal l
R mode numbers i Powerlimit |, {aglele[2 numbers ]
g 0.00001%
R 10 T
. j < 301
! r 'O >
Y : >
- o
oy 3 20
& 'v 0 8
\ f.'.l.' Lt
il B
e 10°
. -10
- !. - Ode .

MHA-B31-14

L]
"""""""""""""""""""""" ~ AUG #32013 =

15%

Power limit

0.00001% |

0.995 1.000 1.005 1.010 1.015

Time (s)

Time (s)

0.995 1.000 1005 1010 1.015
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Complexities of data analysis

* Have to be careful with "out-of-the-box" data
» Some correlations are plausible (e.g. Ire - Ar, Aa, HXR,neutrons)

* Some are missing: Ire does not clearly correlate with
characteristic parameters of temperature, density, loop voltage,
heating, injection amount, fast particle / nuclear data... (etc)
= Role of MHD mixing? Anything else?

= But some interesting relations have been found

100 200 30 40 200 0.5 0.6 0.7 0.8 0.9
Ire [KA] Pa, [bar]
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Example: CQ time vs Ire

» Extracting "typical” Vioop Or Ej values is tricky, because
= Vi0op(t), and different measurements / calculations

= Exponential decay fitted on the current evolution to

extract a characteristic CQ time: |, ~ exp{-t/Tca}

i ‘ l vs t
************ MO e reproduces‘RECQ

qualltatlve trend Dpl.q95>3 O

RMP 45

RMP 90

RMP -90,0,180
H plasma

He plasma

AUG #32034 — IREVSTCQ """""
A

Ip ~exp(-t/t) = ]

Initial RE current [100 kA]

0.7 1 1.4 2 3 4
Fitted CQ time [ms] *GO: [Papp NF 2013]
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The effect of RMPs

* n=1 (1kA, @0.5s) RMP relative phase scan with the RE baseline

« -90°, 0° and 180° doesn't make a difference in Ire

« +90° has an effect, but there is a large scatter

« +45° |ead to the strongest effect so far, in agreement with theory
= RMP influences the disruption dynamics, not so much orbit losses
= Direct or indirect influence (or both)? Great for MHD validation!

* Further analysis & modeling is ongoing [M. Gobbin et al]

r— : ‘
;. RMP 1 kA  AUG #33108 BASE _
N AUG #33109 RMP 0
S 2 @ 0.5 sec ~ AUG #33110 RMP -90°
— - =1 ~ AUG #33111 RMP 180°
—m N=1  AuG #33112 RMP +90°
= ~ AUG #33113 RMP +90°
@ L - AUG #33505 no RMP
— - AUG #33506 RMP +45°
5 T\ N,  AUG #33507 RMP +90° == -
o | ‘ ~ AUG #33706 RMP +45°
g L] ‘ W s AR i
% |
NN e T W
a
1 1.1 1.2 1.3
Time [s]

norm. 0B

—h

Ire / IReo

'. i —:,—~-:"" o~ & ~‘ s ~2d CﬁlCUlated ) 6B ’-'
s B NS ot 2]
EPOST - @8 | i, T e o T
— PRE - mi R W L LR
7 R S ™ Sorw?
e € e I T e
O | O WY @
; +90° = 651 5%
j '\450-35% Initial Ire
0 90 180 270 360
A¢ [ded]
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B6Buc S33585 16692
26.84.16 13:38 1.832

ZRMP #33505

B6Buc S33505 16708
26.84.16 13:30 1.121

B6Buc S33585 16783
26.84.16 13:38 1.154

B6Buc S33565 16718
26.84.16 13:30 1.232

B6Buc S33112 11683
63.83.16 17:22 1.828

+90° #33112

B6Buc $33112 11686
03.83.16 17:22 1.862

B6Buc S33112 11691
03.083.16 17:22 1.117

IRE

B6Buc S33112 11696
03.083.16 17:22 1.173

b

A DS

126.84.16 13:46 1.829

B6Buc S33586 14928\f‘

B6Buc $33586 14921
26.84.16 13:46 1.848

B6Buc S33586 14922
26.84.16 13:46 1.851

B6Buc 833586 14923
26.84.16 13:46 1.862

Almost no Ire
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10°

REIS - Runaway Electron Imaging & Spectrometer
= B Esposito et al., ENEA Frascati

= MST 2 diagnostic development”,

f. camera + {2x VIS + NIR} spectrometer

33706

— —0.88s

| —1.045s

— — 1.0999 s

.1 nr "« r| -rw

.U ) rrMMN uwﬂmﬁ M\M i

UNCALIBRATED

I YR S R T
backward

*[B. Esposito et al
EPS 2015 P4.113]

33706

— — 0.88s

1 1.04s

MM :mﬂ MA rJr r'u j lr‘im | [A

| il
i ,Jn\IUv W‘“ Mg ut gi”ww"“f 11}1‘f ﬁfy‘W'drn!‘fH m M’ h, ‘w . l\f Hv "W w
‘ | | |
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563.71

655.55 744.84
wavelength (nm)
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469.68

asymmetric

66666666666666666

forward
— —1.0999 s

I WW

Vi )‘“r i rﬁmm“f‘mj

st AV IVIMN\N' yM!‘ e | l, Wb o) qunrrl\ Bt ‘U Vi I

563.71 655.55

wavelength (nm)

744.84
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10°

R TR R APy o USRI T ([ .08 il TR
UNCALIBRATED backward
33707
| — —0.88s i
—1.04 s
— — 1.0999 s
|
|
\
|
I
L\ , || I
‘r | |
i i’ : IR l : L
| T LI | |
il l m' w i) [ll n Il "
| 'IH LN .ﬁl”kl'l It | ML \|I
| g Ol 0] DLt | B (10
dl xla'r‘ \ J'“A |"'I|| 1‘ h ‘l' | HI 1 " ] | %I' i
.J'Mt'@j{f. iyl 'aln\\UrW‘“q* l\‘\‘U""F"r'ﬁ‘I‘n\\w\hﬂrw'ﬂfli\l‘\n\llld#ﬂl'Jﬂlﬁd‘Mv’Ull\ﬁll"lN"“.'I";ﬂlnﬂ\&lmm, T““\ly\“ﬂyblm\"‘lhl/l -q“h\]h‘n ! \’n*h,,ﬂnlJv AJ'\MJ"*,J\vu ‘k[',l;u Wﬂ‘lﬂ
| | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | |

469.68

563.71

655.55

wavelength (nm)

744.84

10°

Spectrum highlights synchrotron
contribution even if not visible to the
naked eye = convincing proof of principle

REIS - Runaway Electron Imaging & Spectrometer
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I I I ‘ I I I ‘ I I I
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Initial RE current [100 kA]
N

IPP/AUG is participating in runaway research

= \Ve have a robust scenario for RE generation
= Part of the core seems to survive the quench

Secondary injections can dissipate REs

on AUG using any valve with Ar or Ne
(more experiments are planned on this)

RMPs can influence tcq = Ire

Data analysis needs more work

= Assimilation rates from spectroscopy

o Q- GO reproduces

- w

o

= ~ qualitative trend ~ DP995>3 O
o
SRS Y o ) 08 RMP 45 A -
% *o | | RMP 90 X

H plasma

- RMP -90,0,180 [ ;

He plasma ©

2016-07-21

= 38/\ AUG #32034 — 5 l.. o
gl Ip~exp(-t/1)§— ] IRE vs TCQ
g, ‘
& ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, hagie Wiy -
1'(?05 Ti|1|.g1[s] : : : :
1 M b 1 1 1 1
0.7 1 1.4 2 3 4

norm. 6B

Ire / IREo

ASDEX & TCV REs

Summary: ASDEX Upgrade runaways

BBBBBBBBBBBBBBBBB
16 14:83 1.122

Sync. radiation

I_I3 ...................
§ AUG #31714 0.9 /0.0 Ar ==
o AUG #317150.9 /3.2 Ar ==
(=) AUG #317151.1 /6.9 Ar ==
~— AUG #32007 0.9 /0.0 Ar ==
—2F AUG #32035 0.65/7.0 Ne w=
=
()
=
a1} 0:0 bar
g \
@ : M\
a0 M
5 1.2 1.3
’ * Time [s]
‘ ’f«’“'\l"‘*& Calculated 5B. -* 0 =
: N S .4 ® 2 . Qllmlt
| P o W~ Toroidal , 15%
= & - mode numbers Powerlimit |
m= SRS, A0 . 0.00001%
POST - o- . - .3 By
PRE - m- w A4 N 1/1 mode l‘ 10
0 X 30{ surives 3
1 o NORMP_ | > o L 5
b © © o| & o
g o 201 ‘
2 R A
L v g
O +90°=65:15% - Effect of RMP 1 il _
¥ ; ; 10' ' :';'
0 - 450 = 35%, Initial Ire 4.V
0 N .
1 27 ' ' L '
90 80 0 360 0.995 1.000 1.005 1.010 1.015
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_, AUG = TCV
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Nancy O o
o)
Pas:
Strasbourg?® [ 92 ] q
Ulm
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23| 3 A ? AUG K=
A31 V 2 7%
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o}
(A3 Kempten o oSalzbu
- Q
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o N~ LEm
St Gallen
| Besaon(;on /{ Innsgruck
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10 Genevao \
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ECOLE POLYTECHNIQUE

EEEEEEEEEEEEEEEEE

» Flat-top RE scenarios = e.g. via density drop (DIlI-D)

HORIZ BLIND HXR (V)

0 0.5 1
t (s)

2016-07-21

1.5 2

ASDEX & TCV REs

4 ' 6 ! ' !
fp (100K _ | Top HXR blind detector
— V) R e -
| é oY | |
27 f- " z 1 e
| ; a
Z
of R -2/
i oW
| : : 0 L N S S
| | = -4
TCV #50719 P |
% 0.5 1 15 2 0 0.5 1 1.5 2
t (s) t(s)
5

0 0.5 1 1.5 2
t(s)
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TN LG
»
ECOLE POLYTECHNIQUE [ J . .

EEEEEEEEEEEEEEEEE

« 12 shots with neo from 0.3 to 3.5 x 1079 m-3
* No RE signal on HXR detectors for E/lEc <15

= Note: numbers might change, but trend is clear

No RE
RE A
Horiz. SAT O
O

Both SAT

5 X ; : X . : X
0. 0.5l .50 2827 3 2354 4
Density [1 0'° m'3]

2016-07-21 ASDEX & TCV REs Gergely Papp



(A Dost-0 otion R : 0

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

e Full OH = RE conversion

W

Ne 7.2 bar 5 ms *'%0
1 'V1 V)

:/MGI

TOP BLIND HXRS (V)
)

1 L
[Tev
#52717 ! 5 6'5 1
0 0.5 | t(.S)
t(s)
1.5 I Z=0.25m
N : o%oam9m4)
| ®O++ I AT (keV)
O O | ¢
+
" ou, |
05F+ oo 1
: Te <20 eV
0t 0000000000
L//Mm
-0.5 L
0 0.5 1
t(s)
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ECOLE POLYTECHNIQUE

EEEEEEEEEEEEEEEEE

e 52717 : dlon/dt=0
e 52724 : dlon/dt<0
e 52725 :dlon/dt >0

Ne 7.2 ioar 5ms

=
\./_ 2 -
e Reliable RE beam ~
scenario 0"
 RE plateau current
control
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ECOLE POLYTECHNIQUE

EEEEEEEEEEEEEEEEE

¢« 52717 ne = 1.5x1078 M2 <
¢« 52743: ne = 2.0x10"8m=2 —
e 52742 ne = 2.5x10718 m-2 4

* Importance of
pre-MGI RE fraction

* Finer scan is underway

200

100

v, (V)

Ne 7.2 'bar 5ms

L (fringes)

PMTX (V)

0.4
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LG
a a
ECOLE POLYTECHNIQUE o o

EEEEEEEEEEEEEEEEE

200

e 52717: Ne 7.2 bar 5 ms
e 52721: Ar 2.0 bar 20 ms .
e 52738: Ar 17.7 bar 2.5 ms 4

100

[ (kA)

1 52717:Ne 7.2 bar 5ms

—~ .+ 52721: Ar 2.0 bar 20 ms

3_ 2+ 52738: Ar 17.7 bar 2.5 ms

e "Continuous flow" DMV ~ '
: 0E

* Injected gas amount _
to be calculated from L
DMV calibration i
S:O

PMTX (V)
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(rl affect of Z positic

EEEEEEEEEEEEEEEEE
EEEEEEEEEEEEEEEEE

%S Ne 7.6 bar 5ms | :
+53327: Z=0.32 m 2 0
(in front of DMV) o100} — 53327

|
|
— 53333 :

«53333: Z=0.16 m

(bit below of DMV) 3 ! =y
Below DVM |
o T |
: =60 11
* Even better penetration In front of DVM
when plasma is not e
directly in front of DMV? & oo}
 Needs more shots to = 1
confirm e ]
(couldn't finish last week) 4
s 31
X2
Z 1)
0!

2016-07-21 ASDEX & TCV REs Gergely Papp



@ ACONC A R

ECOLE POLYTECHNIQUE -
FEDERALE DE LAUSANNE

* Density & HXR increase, faster RE ramp-down
= Nz scaling is not trivial and not obvious (saturation?)

200

200

| Argon _ |
< I I < . -52738
fég 100 O : | 1 é@ 100 P! -52739|-
B ~52719 | | = | 52740
l l 0 !
T T w ¥ T 4 T T v : T T
15t: Ne 7.2 bar 5ms | 152717: 22" MGI 1st: Ar 17.7 bar 2.5ms; .+ 52738: 92" MGl
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* Reliable RE generation scenarios |
 Flat-top: no RE HXR for E/Ec < 15 o L1 A 17.7 bar 26ms

* MGI: in very-low density plasma
 Full conversion of lon to IrRe
* lon control during RE beam phase
= Requires a significant pre-MGI RE

e 2nd MGl increases HXR and -dl/dt
Works with both Ne and Ar

 Experiments are not yet finished! 45

= Shaping studies ;"5’

= Beam position control 8ol
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